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ABSTRACT 
Germanium is a semiconductor now widely used in gamma and X-ray 
detectors and high-performance space-based solar cell arrays and is also being 
developed for land-based solar cell applications. Growth and processing of 
germanium and other semiconductor crystals, without the generation of defects, is a 
critical issue in electronic materials processing and device manufacturing. In order to 
reduce the high costs, the germanium single crystal wafers are generally cut ultra-
thin. This creates a relatively large width-to-thickness ratio making the wafers very 
susceptible to mechanical stresses during processing. Therefore, knowing the stress 
criteria for fracture during handling is vital in order to prevent any micro-cracks or 
total wafer failure. 
A new biaxial flexure testing device was designed and fabricated for full 
wafer testing of thin germanium wafers. The new device allows for a controlled and 
uniform application of very small loads, and continuous measurement of the 
deflection. The test setup is simple, inexpensive, easy to setup and use, and can be 
easily modified for a wide range of specimen types and sizes depending on the 
particular use. Thin germanium wafers of varying thicknesses and surface conditions 
were examined using this device. Three-point bend tests were also carried out and 
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The biaxial flexure results show a greater probability for fracture at a lower 
applied stress than those observed in three-point bend tests. The average flexure 
strength in biaxial tests was 123 MPa compared to values of 152 and 146 MPa in the 
three-point bend tests in parallel and perpendicular testing orientations of the wafer. 
In biaxial testing, there is a much larger area being subjected to uniform loading, and 
this leads to a higher probability of fracture. The increases in strength as the wafer is 
polished to lower roughness levels and etched, demonstrates that the failures originate 
at the surface defects. The new biaxial testing device is successfully used in thin Ge 
wafer testing. 
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DEFINITIONS 
1. Monotonic Load, n: A load applied at a constant rate in a continuous fashion, 
with no reversals from test initiation to final fracture. 
2. Advanced Ceramic, n: A highly-engineered, high-performance ceramic that 
has specific functional attributes. 
3. Flexural Strength, n: The maximum amount of stress a material can undergo 
before failure. 
4. Modulus of Elasticity, n: The ratio of stress to corresponding strain specific to 
a particular material. 
5. Poisson 's Ratio, n: Ratio of transverse strain to the corresponding axial strain 
specific to a particular material. 
6. Single Crystal, n: A homogenous material that has a repetitive crystal 
structure uninterrupted by grain boundaries. 
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1. INTRODUCTION 
Germanium was little used until the discovery of its semi-conducting 
properties towards the end of the 1940s. Germanium is now widely used in gamma 
and X-ray detectors and as substrates in high performance space-based solar cell 
arrays. It is also being considered for use in land-based solar cell applications [1]. 
Beginning in the 1970s, infrared optics applications became the largest consumer of 
germanium. 
Silicon and germanium are semiconductors with energy band gaps of 1.1 and 
0.66 eV, respectively [2]. The 1.1 eV energy band gap for silicon makes silicon 
photocells illuminated by sunlight a good choice. However, in blackbody radiation, 
which is typical of thermophotovoltaic (TPV) emitters, the maximum emission occurs 
at photon energies less than <0.9 eV making germanium photo cells a more suitable 
choice. 
In the application of light-emitting diodes (LEDs) or solar cells, single-crystal 
wafers of germanium are used as substrates for the epitaxial deposition of gallium 
arsenide (GaAs) or gallium arsenide phosphide Ga(As,P). The germanium substrate 
replaced the use of more expensive GaAs wafers [3]. Ga(As,P)-Ge cells have 
demonstrated advantages over silicon cells in higher efficiency, increased radiation 
resistance, and lower decrease in output when operated at high temperatures [4]. All 
of this makes germanium more suitable for use in space based applications. In the 
1970s, Ga(As,P)-Ge LEDs produced were used on a large scale for calculators and 
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watches [3]. The large scale production of Ga(As,P)-Ge solar cells did not begin until 
the early 1990s [3], 
The temperature gradients, both radial and axial, led to thermally-induced 
stresses in the crystal that exceeded the critical resolved shear stress for dislocation 
generation in the boule, particularly very near the solid-liquid interface. The gradients 
are controlled by the various process parameters that include: fluid flow patterns, 
relative sizes of melt and crystal position and geometry of thermal reflectors, 
properties of the crystal, and protective melt covers if used. During the wafer slicing 
and polishing procedures, the cutting process involves a multipoint cutting operation. 
The forces involved at each cutting point involve a combination of indentation and 
shearing of the material. The processes at each cutting point could be split into a stage 
where the particle indents the surface, and a subsequent stage where it plows through 
the wafer, shearing pieces from the wafer surface. The depth of damage would 
depend on the abrasive particle size and the applied load. Gradually decreasing size 
of particles in the polishing slurry and final chemical etching are typically used to 
eliminate the damage zone. Device or product yield critically depends on avoiding 
dislocation creation during crystal growth, micro-cracking and deformation during 
sawing, polishing and dicing operations, and injection of dislocations during thin film 
processing of multilayered device structures. The thin wafer, thus prepared, needs to 
be mechanically handled and this requires a good knowledge of the fracture strength 
of the wafers. 
In order to reduce the high costs of germanium, the crystals are cut ultra-thin. 
This makes a relatively large width-to-thickness ratio, making the wafers very 
susceptible to mechanical stresses during processing. Therefore, knowing the stress 
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criteria for fracture during handling are vital to prevent any micro cracks or total 
wafer failure. The testing of full-size wafers under conditions closer to that 
experienced during wafer handling is needed in automated device manufacturing 
process. The brittle and ultra-thin wafers require delicate handling, and this requires 
care in the design of suitable test methods. 
Unlike the case of metals, stress-strain curves are usually not used in the room 
temperature testing of brittle ceramics and semiconductors for three reasons: first, the 
required dimensions needed for testing are usually difficult to acquire; second, brittle 
materials, such as germanium wafers, are difficult to grip without damaging or 
fracturing; and, finally, ceramics fail after a very small amount of strain, which is 
usually less then 0.1% strain. Three-point bend tests are the most frequently used tests 
for brittle materials. However, the three-point bend test only uses uniaxial loading 
and does not represent the stress distribution conditions to which the wafer is 
subjected. In order to test under conditions closer to that actually experienced, a 
biaxial loading needs to be applied. The current ASTM standard uses a ring-on-ring 
test [5-6]. Also the ring-on-ring test does not allow proper testing when large 
deflections are involved which is the case in ultra-thin germanium wafer testing. 
Therefore, a testing apparatus was designed in order to test the thin germanium and 
other wafers by controlled, slow and smooth application of very small biaxial loasfc* 
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2. TECHNICAL BACKGROUND 
2.1 Damage/Failure Modes in Germanium Wafers 
While germanium has the same diamond cubic structure as silicon, 
germanium melts at lower temperature and has lower room temperature hardness and 
elastic modulus in comparison to silicon. The mechanical strength of a germanium 
wafer depends on the nature of failure at a given temperature. Germanium exhibits 
brittle-ductile transition at around 420 K [7] (Figure 2.1). Below the ductile to brittle 
transition temperature, fracture occurs by cleavage along certain planes. While some 
plastic deformation, in addition to micro-cracking, can occur under the indents, 
complete fracture and micro-cracking are of primary concern below ductile to brittle 
transition temperature. This is of primary interest during wafer slicing, polishing, and 
handling operations. The test method that is being developed measures fracture 
strengths under these conditions. 
Dislocation and point defect generation due to plastic deformation is of 
concern above the ductile-to-brittle transition temperature. The mechanical strength 
of a wafer above the ductile-to-brittle transition temperature depends on the number 
and distribution of lattice imperfections that include dislocations and point defects. A 
lattice imperfection is characterized by a break in the lattice pattern, and the main 
lattice imperfection that is most relevant here is a dislocation. A dislocation is defined 
as a line imperfection forming boundaries within the crystal between slipped and 
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unslipped regions on the slip plane [8]. Surface imperfections include polishing 
marks and micro-cracking associated with the polishing operation. 
Plastic deformation is normally thought of as a shear process as shown in 
Figure 2.2. However, this is not the case since this type of deformation would require 
large amounts of energy to move an entire plane of atoms. What typically happens is 
shown in Figure 2.3, where a section of atoms dislocate and move. An example of 
this would be like moving a rug. Moving the rug by a shear force is very hard, but if 
there is a kink in the rug and then push the bump, the movement becomes much 
easier. 
2.2 Equibiaxial Flexure Strength Tests 
There have been multiple tests designed to analyze disks during flexure. All 
of them have pros and cons, but none of them had the exact characteristics desired in 
the testing of ultra-thin germanium wafers. 
2.2.1 Piston on Three Ball 
This test was first introduced in 1974, but was discontinued by ASTM in 2001 
for reasons not found [10-11]. However, this test is still being used frequently in 
spite of being discontinued as an ASTM standard [12]. The test is comprised of a 
1.25" diameter thin disk of the ceramic material to be tested on three 0.125" diameter 
balls equally spaced at 120 degrees around a 1" diameter circle (Figure 2.4). A 
compressive loading is applied at the center of the disk specimen by a 0.0625" 
diameter, ball-ended hardened steel rod. The minimum thickness of the specimen 
must be such that its center deflection at failure does not reach one-half the specimen 
thickness. 
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Figure 2.1. Effect of temperature on hardness of Ge and Si. 
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Figure 2.4. Schematic of piston on three ball. 
 





   
10 
The advantages are that the specimen flatness is not a major concern, and the test is 
relatively easy to perform. Also, the maximum amount of flexure is very small if the 
ASTM F 394 test fixture is used. 
2.2.2 Ball on Ring 
In ball on ring tests, a disk specimen is supported on a ring and centrally 
loaded with a ball. In Biaxial Flexure Tests for Ceramics by Shetty, et al., a circular 
ball-bearing race with freely moving balls was used instead of a continuous ring 
support (Figure 2.5) [14]. This was determined unnecessary in the new biaxial 
flexure test since low-friction vacuum grease on the rigid support created a much 
easier test with the benefit of low frictional stresses. The added ring support, 
compared to the three balls of the previous test, makes the outside support uniform. 
This test was also used in Ref.13. 
2.2.3 Ring on Ring 
Unlike the ball on ring and the piston on three ball tests, the ring on ring test 
was designed to have a larger specimen area and volume subjected to the maximum 
stress. In this test, a thin circular disk (a square specimen is also permitted) of a 
monolithic ceramic material, whisker-reinforced ceramic, or a particle-reinforced 
ceramic matrix composite, is placed on a ring and then loaded by a smaller concentric 
ring, which gives the name ring on ring (Figure 2.6) [5-6]. The required diameters of 
the support and loading ring are dependent on the thickness and material properties of 
the specimen being tested. 
In order to attain a uniform load distribution, either the specimen surfaces 
must be very flat (typically by surface finishing), or a relatively thick (one-half the 
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13 
specimen thickness) sheet of a compliant material (e.g., rubber) is placed on either 
side of the specimen. The ring increases the surface area of the specimen subjected to 
flexure. The impact of the ring will force the specimen to deflect more, according to 
the ring, than to a uniform distribution across the sample. 
2.2.4 Hydraulic Test Cell 
The British glass industry used the first hydraulic pressure-loading test for 
strength testing of plate glass [14-15]. The hydraulic test cell is self-contained in 
which a fluid is pressed against a diaphragm, such as steel or brass, to cause the 
deflection (Figure 2.7). A ring of ball bearings supports the sample and the applied 
pressure is delivered using a piston. Connected to the fluid is a pressure transducer to 
monitor the pressure used in the stress calculations. 
The drawbacks to the hydraulic cell are that: typically only a small deflection 
is allowed, the fluid needs to be incompressible and the setup is complex. 
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Figure 2.7. Schematic i lustration of the hydraulic test ce l. 
3. EXPERIMENTAL AND ANALYSIS PROCEDURES 
3.1 Material Preparation 
Wafers of germanium single crystals oriented in the (lOO) crystallographic 
direction were obtained. The initial wafers given were rough-cut, and had not been 
processed and polished down to the final size. The wafers ranged in thickness from 
approximately 300 um for the rough cut to under 200 urn after polishing. A rough-
cut wafer image can be seen in Figure 3.1. In Figure 3.2 an image of a polished 
germanium wafer is shown. 
The only wafer preparation done in the research laboratory was to clean the 
rough cut wafer's surface using acetone to remove any surface contaminations during 
handling. This was only done for the wafers to be tested in the biaxial load fixture. 
One wafer, BA2, had no cleaning with acetone so that it could be used as a control. 
Furthermore, of the polished samples obtained, some had been etched and some left 
as-is. 
3.2 Three-Point Bend Tests 
The three-point bend test is a standard method for testing the mechanical 
strength of materials [16-17]. The tests use steel rods to apply the load that is 
increased up until failure of the wafer. The tests were carried out using a lOOkN 
Instron® 4505 universal testing machine. A 50-lb load cell was used to measure the 
load. A program written in National Instruments Lab VIEW® 7.0 acquired the data 
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Figure 3.1. Image of rough-cut wafer B A3. 
16 
i re . I a e f r gh-cut afer . 
17 
Figure 3.2. Image of polished but unetched Ge wafer BA5. 
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where F is the load at fracture, L is the distance between the two support points, w is 
the width of the cross section at the applied load, and t is the thickness of the 
specimen. There will be some error in the calculations due to the loading of a circular 
plate instead of a beam. No analytical solution is available in the literature for the test 
geometry used which deviate from a one-dimensional loading profile assumed in 
three-point bend tests. However, this formula provides a close approximation of 
fracture stress for the geometry used. The use of thin strips for three-point bend tests 
were not made for two reasons: thin strips could not be prepared without added edge 
flaws, and testing of full wafers as is was needed to assess the flaws in the wafer. 
Chao and Shetty's papers on time dependence [18-19] showed that brittle 
materials will have a linear relationship on a log-log plot of strength and the rate at 
which the load is applied. Therefore, the highest strength given with these tests 
would be a very rapid three-point bend test, and the lowest strength would be 
points through a PCI-6024 DAQ board. Figure 3.3 shows a schematic illustration of 
the three-point bend test and Figure 3.4 shows the actual apparatus used in one of the 
two strength measurement tests performed in this study. 
The calculations were done using the procedure based on ASTM Standard C 
1161 [16-17], but since the wafers were tested as-is, some of the recommendations on 
specimen preparation were not followed. These include the testing of a circular plate 
instead of a thin strip and going below the recommended minimum thickness of 
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Figure 3.4. An image of three-point bend fixture. Figure . .  i   t  i t r . 
21 
obtained in a very slow equi-biaxial test. However, the majority of applications have 
a multi axis loading that is applied rapidly. Depending on the particular use, such as 
the germanium wafers, samples are held biaxially by vacuum chucks, which would 
require a rapid biaxial test. If the material is going to be used non-monotonically, 
then multiple tests should be done at a lower than flexural strength to see the actual 
non monotonic strength. Figure 3.5 shows the rate of loading for the three-point bend 
tests, and Figure 3.6 shows the rate of loading for the biaxial tests. 
3.3 Biaxial Load Tests 
A new testing device was designed in order to apply biaxial loads on the ultra-
thin wafers. Using AutoCAD® software, a drawing was created for the cylindrical 
pressure vessel. Figure 3.7 shows the two-dimensional view of the final biaxial 
apparatus, and Figure 3.8 shows an image of the actual setup. A program written in 
National Instruments Lab VIEW® 7.0, acquired the data through a PCI-6024 DAQ 
board. As the mV outputs from the pressure gauge were small and fluctuated 
appreciably, a four-channel isolated amplifier SCXI-1120 for signal amplification 
was put inline with the DAQ board to give very smooth and accurate results. This 
fixture worked well in giving precise measurements for the relatively small amounts 
of force needed to cause breakage in the wafers. 
In order to minimize any influence from the testing environment, such as 
temperature and humidity, the tests were done at a relatively rapid rate so as to make 
any of these effects negligible. However, in order to be extra-cautious, argon gas was 
used and the fan from the air conditioning was sealed off from the testing apparatus. 
The design of the enclosed box helps remove the environmental effects even further 
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26 
and also helps with safety, as there are many flying projectiles at fracture. 
The first calculations were then done using formulas that assumed a small 
deflection of less than the thickness of the wafer [20]. Since the wafers tested showed 
a much higher deflection compared to their thickness, the theoretical stresses and 
deflections (Figure 3.9) came out to be magnitudes off. This is because as the wafer 
becomes deflected by a large magnitude, the center becomes substantially strained. 
The flexural stress, including the diaphragm stresses, was then calculated 
using the following equations [20]: 
where q denotes the pressure, a is the diameter of the support, y is the deflection, t is 
the thickness, E is the Young's modulus of the material, Ki to K4 are constants 
depending on the given setup's edge conditions and material, and o is the stress at the 
center. In the calculations of K1-K4, the edges were simply supported (neither fixed 
nor held), Ki and K3 are a function of Poisson's ratio and the disks had a uniform 
pressure over the entire plate, so that Ki=1.373, K2=0.376, K3=1.673, and K4=0.294 
[20]. Equation 2 is used to solve for y and that value can be used in Equation 3 to 
solve for the stress at the center of the disk and the overhang was not considered in 
the stress calculations. The apparatus was designed to have the ring support as large 
as possible. According to calculations done with ball on ring test in Shetty et a l , the 
overhang error came out to be less than 0.25% [14]. 
(2) 
(3) 
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Figure 3.9. Calculated deflections at maximum pressure without the consideration of 
diaphragm stresses for multiple wafers. 
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In order to show that the theory is correct, a new setup was designed to 
measure the deflection of a wafer as the pressure increases. A specially designed box 
held the pressure vessel in an exact location so that a linear resistance displacement 
transducer (LRDT) could be installed underneath to measure the deflection. Figure 
3.10 shows a top down image of the actual displacement transducer setup. This setup 
included a power supply set at 2.5V to be able to measure the voltage through the 
DAQ board. The following diagram, Figure 3.11, is the wiring diagram for the 
displacement transducer. Figure 3.12 shows an image of the complete biaxial testing 
system. 
The following calculations were used to solve for the deflection measurement. 
Using Ohm's law, equation 4 and 5 are found. Then by combining equation 4 and 5, 
the equation 6 comes about. Solving for the current and then placing it back into 
equation 5, gives the resistance in the LRDT. Using the maximum resistance and 
displacement of the LRDT gives the deflection of the wafer (equation 7). 
J = (4) \K1 + RT 
(5) 
T 
lkQ + (6) 
R 4™ = Deflection (7) 
max 
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Figure 3.10. Top view of the biaxial test fixture showing the displacement 
transducer. 
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Figure 3.11. Wiring diagram for linear displacement transducer. 
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Figure 3.12. Image of entire biaxial testing system. 
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Figure 3.12. I age of entire biaxial testing syste . 
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3.4 Single Crystal Orientation Determination 
In order to make sure that the wafers given were, in fact, single crystal wafers 
oriented in the [100] direction, a Siemens D5000 X-ray diffractometer was used for 
obtaining detector scans and (100) rocking curves. Figure 3.13 shows the detector 
scan which shows only the very high intensity and sharp single peak corresponding to 
(200) plane. Rocking curves obtained also confirmed that the wafer orientations were 
close to the [100] direction. 
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4. DISCUSSION AND RESULTS 
4.1 Comparison of Experimental Deflection Measurements 
with Theoretical Calculations 
The simplest way to prove that the method used for the calculation for the 
biaxial flexure stresses is correct is to measure the displacement. As can be seen in 
Figure 4.1, the Roark, et al. formula for large deflection of circular plates, which 
includes the diaphragm stresses, matches very well with the measured data. Also, it 
should be noted that the calculations for smaller displacement had a much closer 
match until deflections were less than half the specimen thickness, as it is not fully 
apparent on the graph of Figure 4.1. Tables 4.1 and 4.2 identifies the codes, 
dimensions and testing orientations for the Ge wafers used in the biaxial flexure 
tests and three-point bend tests. 
The initial tests, as shown in Figure 4.1, used a silicon wafer to calibrate and 
ensure the test method was working. In Section 4.4, the deflection graphs for 
germanium can be seen and are analyzed. 
4.2 Fracture Statistics 
The maximum stress varies from wafer to wafer unpredictably, even if the 
specimens are prepared exactly the same and tested under the same conditions. 
Therefore, a probability density function is needed to describe the characteristics of 
 
  l  
 
  
,     
 t 
 f  f





   
 
   
35 
• Theoretical with Diaphragm Stress 
• 824-1 
• Theoretical without Diaphragm Stress 
X 827-1 
1 * * 
t 
t I i i 
H i H i * 1 1 
Pressure (psi) 
Figure 4.1. Experimentally measured displacement and theoretical estimate of 
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(mm) Test Condition 
1 BA1 101.6 0.312 Biaxial 
2 BA2 101.6 0.312 Biaxial 
3 BA3 101.6 0.312 Biaxial 
4 BA4 101.6 0.312 Biaxial 
5 BA5 101.6 0.195 Biaxial 
6 BA6 101.6 0.195 Biaxial 
7 BA7 101.6 0.312 Biaxial 
8 BA8 101.6 0.312 Biaxial 
9 BA9 101.6 0.312 Biaxial 
.  i




















(mm) Test Condition 
1 3PBPL1 101.6 0.312 3PB Parallel 
2 3PBPL2 101.6 0.312 3PB Parallel 
3 3PBPL3 101.6 0.312 3PB Parallel 
4 3PBPL4 101.6 0.312 3PB Parallel 
5 3PBPL5 101.6 0.312 3PB Parallel 
6 3PBPR5 101.6 0.180 3PB Parallel 
7 3PBPL6 101.6 0.180 3PB Parallel 
8 3PBPL7 101.6 0.170 3PB Parallel 
9 3PBPL8 101.6 0.140 3PB Parallel 
10 3PBPR1 101.6 0.312 3PB Perpendicular 
11 3PBPR2 101.6 0.312 3PB Perpendicular 
12 3PBPR3 101.6 0.312 3PB Perpendicular 
13 3PBPR4 101.6 0.312 3PB Perpendicular 









the flexure strength of a material. Both the Weibull and normal distributions were 
used to find the best fit of the data [21]. However, the normal distribution curve fit 
the data better, as can be seen in Figure 4.2. The normal distribution was then taken 
to compare the probability densities of the full-wafer three-point bend tests and the 
full-wafer biaxial flexure tests. In Figure 4.3, the biaxial flexure results show a 
greater probability to break at a lower applied stress than the three-point bend 
specimens. A good analogy as to exactly why the biaxial test samples fail first is 
because a brittle material is often compared to a chain, where if one link in the chain 
fails, the whole chain fails. In biaxial testing, there is a much larger area being tested 
and this will give a much larger probability for failure at a lower stress. 
The coefficient of variation (Cv) was found to be 10% when using the biaxial 
method, and was 5% when using the three-point bend methods. The lower 
reproducibility of the biaxial method likely comes from the complexity of the stresses 
in the biaxial flexure tests as shown above. 
4.3 Fractographic Examinations 
Macroscopic analysis can give a great amount of information about a failure. 
In the image shown in Figure 4.4 from the biaxial flexure test, there is well over a 
hundred fracture pieces showing that the stresses were uniform by first visual 
observation. In Figure 4.5, the image of the three-point bend test specimen shows a 
more linear breakage, as one would expect due to the linear applied load. This also 
makes the three-point bend test specimens susceptible to failure by edge effects, if 
present. A comparison of Figure 4.4 and 4.5 shows a large difference in the fracture 
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Figure 4.4. Fracture pattern observed after biaxial flexure test of wafer BA2. 
41 
Figure 4.4. Fracture pa tern observed after biaxial flexure test of wafer BA2. 
42 
Figure 4.5. 3PBPR4 fracture pattern image from three-point bend test. 
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as the three-point bend test has much larger pieces in a rectangular size distribution. 
Figures 4.6-8, show fracture surfaces and Figure 4.9 illustrates the surface finish of 
the rough cut wafers. 
4.4 Mechanical Strength Data 
Testing the wafers to determine their mechanical strength provides the 
maximum amount of load that can be applied without inducing failure. The stress 
corresponding to the flexure load at which the wafers fail is called its flexural 
strength. 
The graph in Figure 4.10 gives evidence that the surface preparation 
procedures remove specific defects. The linear loads were applied in two different 
configurations to test whether there is any effect from the direction of finishing or the 
orientation of the crystal. As shown in Figure 4.11, the two configurations yielded 
different results. This indicates that there is a significant decrease in strength, 
depending on the orientation of the applied load. In Figure 4.12, BA2 was not 
cleaned with acetone, unlike BA1, BA3 and BA4. A significant amount of decrease 
in strength can be observed for BA2. Moreover, in Figure 4.12, BA5 was etched, 
unlike BA6. Again, a significant increase in strength is seen for the etched wafer. 
Table 4.3 also shows the decreases in strength, depending on the applied load. 
The initial test using a germanium wafer in the biaxial testing apparatus with the 
LRDT showed a slightly lower deflection as compared to the theory. There could be 
a few reasons for this: there could have been defects within the bulk or on the surface 
of the wafer, the dopant could have changed the elasticity constant, the rate of the 
applied load, and/or possible errors within the testing setup. 
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Figure 4.6. SEM edge images of L5 at (a) 120x (b) 120x and (c) 600x 
magnifications. 
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Figure 4.8. SEM edge image of BA3 at 1200x magnification. 
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Figure 4.9. SEM surface images of 3PBPL5 at (a) 600x and (b) 1200x 
magnifications. 
(a) (b) 
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Figure 4.11. Plot of flexure strengths in wafer orientation with flat edge parallel and 
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Figure 4.12. Plot of fracture stress vs. germanium wafer thickness using data 
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Table 4.3. Average flexural strength for the different configurations. 
Configuration Average Flexure One Standard Strength (MPa) Deviation 
3 Point bend tests - Parallel 152.0 6.4 
3 Point bend tests - Perpendicular 146.2 7.2 
Biaxial 123.3 12.7 
 
.  t i





Figure 4.13 shows how the fit of the curve correlates better when using a higher 
modulus. The original modulus value of 105 GPa came from the work of J.J. 
Wortman and R.A. Evans [22-23]. However, the fit of the curve in the graph is much 
better with the use of a modulus value of 115 GPa. Figure 4.14 shows that the flat 
plate theory fits the data much closer as compared to the diaphragm method. This 
does not signify much as the flat plate theory only works better for a very small 
portion of the total graph. In Figure 4.15, the theoretical deflection estimate and the 
actual deflection are compared to illustrate the close fit of theory to actuality. Having 
a model that goes beyond the flat theory will allow a much larger range of specimens 
to be tested and modeled with greater accuracy. 
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Figure 4.13. Plot of experimental and calculated deflections in germanium BA8 
wafer as a function of pressure. Calculated values use diaphragm stress theory with 
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Figure 4.15. Plot of experimental and calculated deflection versus pressure plots for 
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5. CONCLUSION 
A biaxial flexure testing device was designed and fabricated for full wafer 
testing of thin germanium wafers. The new device allows for a controlled and 
uniform application of very small loads, and continuous measurement of the 
deflection. The device also helped refine the modeling of the failure stresses in the 
germanium wafers. A Si wafer was first used to calibrate the device. Thin Ge wafers 
of varying thicknesses and surface conditions were examined. 
The biaxial flexure results show a greater probability to break at a lower 
applied stress than the three-point bend specimens. The flexure strength in biaxial 
tests give an average value of 123 MPa, compared to values of 152 and 146 MPa in 
three-point bend tests in parallel and perpendicular testing orientations of the wafer. 
In biaxial testing, there is a much larger area being subjected to a more uniform 
loading, and this leads to a much larger fracture at lower stress levels. The same 
holds true as to why the data from biaxial tests have a much larger distribution. 
The increases in strength, as the wafer is polished to lower roughness levels 
and etched, demonstrate that the failures are coming from the surface defects. The 
SEM images of the surfaces show no clear evidence of micro-cracking, and this gives 
more evidence that surface roughness is a major factor determining flexure strength. 
Unlike current testing methods for ceramics and semiconducting materials, the new 
biaxial load machine provides a more uniform equi-biaxial loading of single-crystal 
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well. The test setup is simple, inexpensive, and easy to set up and use. This 




CALCULATION OF FLEXURE STRENGTH USING FLAT PLATE OF 
FINITE THICKNESS METHOD 
This appendix refers to reference 15. In the initial tests, the values of the 
deflection were unknown because of the complexities in measuring the displacement 
at the center. Therefore, this initial formula was used to see if it was a good 
approximation. First, the plate constant D needs to be solved for use in the later 
equations: 
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(A6) 
In order to find the deflection anywhere on the wafer for a simply supported case, the 
following formulas are used where Gi i = 1 / 6 4 . On Figure 3.6, a graph of the biaxial 
flexure tests using this method can be seen: 
 t
11 =1/64.   
: 
M r2 
Y =Y + C +LT 
C 2D(1 v) y 
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